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T S\koda N\ Kasahaba. Y Hamamori and L, Kkubs. A High-TiLer Lentivind Production System Mediates EOicient 
TmnsducUoa ofMferenuated Cells Incindiug Beating Cardiac Myocytes. Journal. o) 2AokaOar and Cellular Cardiol^!) 
M9993 3J. 2037-2047. Human knmunodefictency vims (HTV, lenririrus) fcypc-1 based victors have a number 
of attract™; features for aerie therapy, indodlnc: the ahMiy lo transduce non^ividmg cells and long lerm 
iransgrnc expression, Wc used a chrco-plasnikJ expression system lo cmtfraue psaudolyped lenlivirus-tKised ttcUtts 
by transient tramfection of human embryonic kidney 293T cetts in the presence of sodiuuu buiyraie, which is 
known to acUvair. the long terminaL eepeal-aocecusd exprcssioa of UIV. Using Ibis system we successfully generated 
versatile hfch tUer teoUvirus ai titers of up io 2 x 10 s transducing urjiuV<nl (TtJ/ml). and Linprovtd transduction 
efficient In various ocd types from seven lo over twenty fold. We demonstrate its applicability of these raclM 
for ihc cJUdcnt transduction of tton<Kvldra$ cells, Including post mlloilc bcaliruj rat cwdiac myocytes and well- 
dmtwitUUcd rttt 16 myouhcre. WbJJc both Icntivtrufi-boscd and murine rctnivirus-bBsed vectors cfeuively 
(rarmduced dividing cardiac fibroblasts and tt> muscle myoblast* in culture lonrnrirus-bascc vectors also cffiaenily 
iranKduccd ccrdlw myocyte* and vidded Itea of (6.3±A-2)xl0 5 TC/ml: howevtr murine rctrovlruft^wed 
vectors showed low transduction efficiency with titers reaching only (8,9 ±2 A) x 10 2 TU/ml. Purlhertoore ; even 
12 days after induction of oUJ&renlinUon of L6 myolibers, lernlvinifi-mcdialed ixansduction of /J-galaclosidase (0- 
Cal) at approximately 30-40% of the. maximum expression levels achieved in replicating myoblasts. In contrast, 
the repression of /^Cal following imiisduciion of tbe myolibera by murine reiix) virus-based vectot^ TeU to less 
than 1% of an already reduced level of transduction In undiflrrntrJaled coniluenl myoblasts. These results 
demonstrate that lennvtruK-hased vecU*rs can effideniJy lranaduce boih wKtUdiffereiiU3ied cardiac myoc>l^ and 
diffcrcfiuairtl mvoflhcTH. THIk appears to be an efficient method and provides a new tool for research and therapy 
for cardiovascuiar diseases. © Academic Press 

Km WofiDs: Lentivinis; Sodium butyraie; Cardiac myocyte; L6 cell; Vesicular sioinaUUs virus; Retrovirus: 
Gene thecapy- 

IntTOfJucrtion Crystal * aL 1995: Leiden et aL 1995; Venna and 

Sonria. 1997). Tnmsducdon of foreign DNA into 
Gene therapy has tbe potential to reverse the genetic cardiac myocytes or skeletal muscle niyotibers as oT 
causes and modify the pathophysiology of many potential value for therapeutic applications (Lafont 
innate and acquired diseases (Mulligan et 1993: et aL 1996; Partrid^r and Davics, 1995) and also 
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Figure 1 TvflRctu of various conct--ntra lions and incubation Umos of sodium buiyratt* on Ulcni tiranfcdudng imiU/ml. 
Tli/mll irt various cells. <a) cardiac myocytes; (b) 295T cells: (cj 16 cells. Transduciioa is enhanced when 293T cells 
were exposed lo sodium buLyraie alier uansfectioa* l^uUvirus-ba^ed vectors including GPP were generated by transient 
co-iraiLsfecuon of 29 cells. Sodium butyrate was administered at various conccniraiioas and far various intervals. 
After rvf»Uria$ with fresh medium without sodium butyratc, conditioned medium was harvested, Qltratod, and used 
for vector preparation. The values are mcan«±*iiandard emirs of three independent cxpcritaeuis. 



offers an experimental approach to investigate the 
rotes or individual genes in cardiovascular and. 
musde pathophysiology. Both efficient delivery and 
long-term expression of transduced genes is re- 
quired before the roll benefit of genetic manipulation 
strategies can be realized in the cardiovascular and 
muscular systems. However, current methods of 
gene, deliver? each suffer major limitations. 

Non-viral methods of gene delivery remain In- 
efficient and only attain transient expression of the 
transgene (Shi et aI M 1994), While adfmo virus- 
based vectors allow highly efficient delivery of tran- 
sgencs m vitro and m vivo, expression Is transient 



because the transgene is not integrated in the 
host genome and immune responses against the 
transduced cells remain a concern (Schutjck et 
al.< 1995), In contrast, standard retrovirns-based 
vectors, such as the Molony murine leukemia virus 
(Mo-MuLV), integrate the transgene into the gen- 
ome of the target cells, which can sustain long term 
expression. However such retrovirus-based. vectors 
can transduce only dividing cells (Lewis and 
Kraerman, 1994). thus limiting their use in non- 
proliferating cells, especially differentiated cardiac- 
myocytes and mature skeletal muscle royonbers. In 
addition, silencing of gene expression is a common 
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Table 1 Effect of optimum sodium butyrate exposure on IcnUvirol production 
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Sodium buiyvate 






(-) (+) 


Fold 
change 


Cell ay pe 


TU^r (iransduciioa uoiu/ml) 


Cardiac Myocytes 
L6 MyoblasLs 
29?T Celts 


2.5 (+1-1) xlCf <>J C±L2)xlO* 
0.58 (±0-1) xlO 6 4.25 (±0.51x10* 
13 (+0.3) x 10 s 9.0 irtO.S) x iO'* 


25.2 
11.2 
6.9 



Cells wstecsposfcd to mcdzam with {+) or wttbont (— ) 10 cum sodtam boryratc Ibr S hours 
and katiriraa-basod vectors were harvested lf> hours after switcbi^ to maft^ 
bntyratc. 



occurrence. Recently, development of lenti virus- 
based vector systems bused on a modified retroviral 
RTV genome has provided a delivery system that 
can both transduce non-dividing cells and integrate 
the transgenic in the genome of target cells (Naldini 
et ol. t 1996a). In addition, such kntlvinis-bascd 
vector particles can be pseudatyped with the en- 
velope of the reticular stomatitis virus (VSV) (Burns 
et al, 1 993), thus enabling the vector to introduce 
Irenes into a broad rajoge of tissues (Naldini tit al, 
1996a,b: Miyake d aL, 1998). These features of 
lentivirus-based vectors, including their lack of cy- 
loioxiiy. make them potentially useful Tor delivery 
of transgenes to cardiac myocytes and muscle my- 
otibers. However there have been few reports re- 
garding application of lentivirus-based vectors to 
cardiac myocytes and muscle myotibers (Reboilcdo 
et aL, 1998; Kafri et aL 1997; MocJbhiiki et al., 
1998) and these reports do not address the trans- 
durihility of such cells at various stages of dif- 
ferentiation compared with. conventional 
retrovirus -based vectors. In this study we compare 
the degree of eilkicocy of lenuvims-based vectors 
with that of murine retrovirus-bascd vectors lor 
transduction of cultured primary rat cardiac myo- 
cytes, cardiac fibroblasts, rat 1*6 proliferating myob- 
lasts and differentiated multinucleated myofibers. 
Modification of the lenttviral particle production 
system, enabled us to increase viral particle titers 
more than 10-fold using sodium butyrate and to 
routinely generate titers of >10* TU/ml after one 
round of concentration* The derived lentivirus- 
based vectors carrying reporter genes (bacterial fi~ 
Gal (lacZ) or jellyfish green fluorescent protein 
(Gl ? P)) efficiently traosduced not only prouierating 
rat cardiac fibroblasts and 16 myoblasts, but also 
non-dividing cardiac myocytes and well-dif- 
ferentiated IS myoGbers. In contrast, murine re- 
tro virus-based vectors transduced only dividing 
cardiac fibroblasts and 1.6 myoblasts, bat did not 
transduce non-proliferating cardiac myocytes or 
differentiated myotibers. These findings suggest that 



lendvirus-bsed vectors should be useful for delivery 
of genes to the myocardium and skeletal muscle m 
vivo. 



Materials and Methods 

Celts and cell culture 

Primary cultures of neonatal rat cardiac myocytes 
and cardiac fibroblasts were prepared as previously 
described (Sussraan et d» 1997; Ucyama et 
1997). The L6 rat skeletal muscle cell line was 
cultured in Dulbeccas modified Eagle medium 
(DMEWTl containing 10% fetal calf serum (PCS). 
Differentiation was initiated by replacing the 
medium with DMEM with 2% horse serum (±1S > 
(Yafee, 19681. 293T human, kidney cells as well 
a$ producer cells for the Mr^uLV-derived BAG 
retrovirus which bears the 0-Galgene, were grown 
in UMEM supplemented with 10% FCS in a 37°£ 
5% carbon dioxide hiunidihcd envkonment (Naldini 
et aU 1996a.b: Price et al.. 1987). 



Virus production and transduction 

Lentivirus-based vectors encoding jS-Oal or GFP 
were generated by transient ccHtransfection of 293T 
cells with a thrce-plasmid comhin alien, as described 
previously, with slight modifications (Naldini et aU 
19966)- Briefly, a 100 mm dish of non-<»nfluent 
293T cells were transfected with 15/tg or 
pCMVAR8.2. 15 /eg of eilher pllR'-CMVl.acZ or 
pllR'-CMVGPP and 1 5 & of pMOG by the calcium 
phosphate UNA rjrecipitalion method (Chen and 
Okayama. 1 987; Sakoda dol.,1 992). The plasmid 
vectors were kindly provided by l>r Luigi Naldini 
(Cell Genesys Inc.. Foster Oty. CA), Sixteen hours 
after tr^sfcctkni, the media, was adjusted to a final 
concentration of lOmu sodium butyralc and the 



07/03,2003 12:33 FAX 0014061349. 



SERVICE DES BREVETS IP ■* J^INNEGAN 



@029 



2040 T> Sakoda el at. 

(ai (C) id 




DayO 0^2 Day 4 Day 6 Day12 

Figure £ 



07/03 2003 12:34 FAX 0014061349JL SERVICE DES BREVETS IP FINNEGAN ©0 



HIV Vector in Cardiac 

cells incubated for 8 hours unless noted otherwise 
in the text and figure legends. After the $ hour 
incubation, cells were washed and incubated in 
fresh medium without sodium butyrate. Con- 
ditioned medium was harvested 16 hours later and 
filtrated through 0-45-/<m filters. Concentrated viral 
stocks were prepared by one-round of uftra- 
centrifugation of 3 ml of the conditioned medium 
at 50 000 g at 4T for 90 minutes in an SW41 rotor 
(Beckman Instrumental. The pellet was resupended 
overnight at 4*C in 30 pi of Banks balanced sail 
solution as described previously (Burns et d. : 199 3). 
For transduction of cardiac, myocytes, cardiac 
fibroblasts, T>6 cells or 29 5T cells, cells were infected 
overnight with serial dilutions of virus stock in 
cultured medium supplemented with 8/<g of po- 
lybrcoc per ml After medium replacement the ceils 
were incubated for 48 hours and expression or 0- 
Gal or GFP was assessed. BAG retrovirus-based 
vectors carrying the fi-Qol gene were prepared by 
harvesting supernatants from a stable producer 
cell Hne (Price et, of.. 1987). Transductions were 
performed in the presence of 8 ix% of polybrene per 
ml 



Analysis of transduced cells 

Tilers (TU/ml) were calculated by dividing the num- 
ber of or GFP expressing cells counted per 
dish by the dilution factor. Cells expression /*-Cal 



Figure 2 (opposite) /M3b1 starain£ of cardiac myocytes 
and cardiac fibroblasts by lenlirirus- or murine retro 
virus-roe&atcd /1-Gal geoc transduction. GFP lluor- 
tfsceuce staining of cardiac myocytes by leauVirus- 
mediated GFP transduction and indirect iuimuoo- 
itoorescence 3laini&£ of cardiac myocytes using primary 
amSsera against myosin (MF20). ^Gal, GFP £uor«eence 
and indirect ImTTwnutluortscence plaining were per- 
formed as described in Materials and MrtbodK, (s) ien- 
dvinis-medistrd /3-Car staining of cardiac myocytes (a) 
murine relrovirus^nedialed j5-Cat staining of cardiac 
myocytes: (c) lenivlrus-mecUaied /MJal staining of cardiac 
fibroblasts; (d) murine rdrov irus-inedi&ted #-Gal staining 
or cardiac fibroblasts; (e) cardiac myocytes under bright 
Held iUnrronatioo— the same Held as (fl. it) IcnUvirus- 
rncdjatcd GFP stairuagorcanliaciuyocytiss: (g) IcJilivmis- 
mediated GFP staining of cardiac myocytes: (h> MF20 
RtainlnR of cardiac myocytes— the same field 38 (g). 

figure 4 (opposite) Lnmuononislochctfucal staining for 
tf-Cal or L6 cells by Lentivlms- or murine reuovirus- 
medlaled /J-Gal Sent iransduction. L6 ceils were grown 
m DMEM supplemented with 1 0% PCS until Uwy reached 
conliucncy. at this point the medluro was replaced by 
DMFVt Kuppiemenl«d with 2% HS for "mduclion of dif- 
ferentiation* Cells were- transduced at indicate days after 
replacing with dlffcreaUaiion mediuin. 
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were tixed and stained with 5-bromo-4-chlorr>3- 
indolvl-^r>-galadx>pyranosicie (X-Gat) as described 
previously (Sanes et nl. 1986). Briefly, the cells 
were fixed with phosphate-buffered saline (PBS) 
containing 0.5% ghitaraldchyde for 10 minutes al 
room temperature. After fixation. 0-Gal expression, 
was evaluated by bistcdiernacal staining with X- 
Gal in PBS containing 5 dim K,Fe(CN)„, 5mM 
KJFe(CN) 6 3R 2 0, 1 mMMgCfe and 1 mg/ml X^al at 
37°C fox 16 hours. 0-gal activity was measured 
using a /^galactosidase Bnzyme Assay System (Pro- 
mega) as directed by the manufacturer, in brief, 
transduced cells were washed with PBS and lysed 
in Reporter Lysis Buffer. 1 50 id of these cell lysates 
were incubated with equal volume of Assay Buffer, 
which contains the substrate ONPG (o-nitrophenyi- 
^l>^alactopyranoside) t for 30 minutes at 37°C 
The absorbancc or the samples at 420 nm was 
measured and j*-Gal activities (/iU//tg protein) were 
determined by a calibration curve. Protein con- 
centrations were determined by the method of Brad- 
ford with bovine serum albumin used as a. standard 
protein (Bradford ft «L 1976), 

Rat cardiac myocytes were stained with anti- 
myosin monoclonal antibody MV20 (De- 
velopmental Studies Hybridoma Bank, University 
of Towa, Towa City) followed by Texas Red dye- 
conjugated goat anti-mouse immunoglobulin G 
(IgG), Briefly, isolated cardiac myocytes were fixed 
with 4% buJJercd formaldehyde for 5 minutes. The 
fixed cells were treated with 0.1% Triton X-100 tor 
2 minutes. After pcrmiahllization in Triton X-100. 
cells were incubated for 1 hour with MF2U, followed 
by incubation with Texas Red dye-conjugated goat 
anti-mouse IgG (1:333) for 1 hour at room tem- 
perature. Finally, the cardiac myocytes were washed 
several times in PBS and mounted on slides. Tex^is 
Bed dye-conjugated anti-mouse IgG was purchased 
from Jackson Trwnimo Research laboratories, Inc. 



Results 

Sodium butyrate increases production of lentivirus-based 
vectors 

293T cells were transfected with pCMVAR8.2. 
pMDG and pUlT-CMVGrY to produce kntivirus- 
based vectors encoding GFE 'lb examine the effects 
of sodhun butyrate on virus production* cells were 
exposed to sodium butyrate at various con- 
centrations and times starting 1 6 hours after tran- 
sfection. At the end of this treatment cells were 
replaced wHh fresh medium without sodium bu- 
tyrate and the medium harvested 16 hours later. 
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rteuns 3 Comparative cfllcicncy oT leuilvirus- and raurinc rcicovirus-medialcd ^Cal gene, Iran^uctfon hi cardiac 
m^cyies and cardiac fibroblasts. TUers dei«iniaed as described under Mattrials an Methods. The values arc 
means ± standard errors of Uve lndepeudeoi experiniems- 



Figure 1 shows the effects of various conccntrattons 
and incubation times in sodinm butyrate on the 
final viral vector titers. The viral titers were max- 
imally enhanced when 293T cells vrerc exposed to 
10 rnM sodium butyrate for 8 hours as determined 
by transduction of cardiac myocytes, 293T cells arid 
L6 cells [Fig. 1(A-C)]. Sodium butyrate routinely 
increased tilers in cardiac myocytes, 29 3T cells and 
L6 cells (Table 1). Thus, titers derived from 29 3T 
cells exposed to sodium butyraie were nearly one 
order of magnitude greater than those obtained 
without sodium butyrate. After only one-round of 
concentration by ultrocentrifugution at 50 000 g* 
titers of (2.2 ± 1 .0) x 1 G* TU/ml on 293T cells were 
routinely achieved. 



Lenti virus-, but not murine retrovirus-based vectors 
mediate hiflh efficiency gene transfer into well 
differentiated rat neonatal cardiac myocytes 

Highly efficient transfer and stable expression of 
genes delivered to the myocardium or skeletal 
muscle remains an elusive goal. To determine 
whether lentivirus-based vectors can eJliciently 
transduce both well differentiated cardiac myocytes 
and skeletal muscle myofibers. we carried out a 
series of gene delivery esrr^rimenTs with cells in 
culture and contrasted the transduction efficiencies 
of lentivinis- and murine rctrovirus-bascd vector?. 



Primary neonatal rat cardiac myocytes and cardiac 
fibroblasts from the hearts of 2- to 3-day old rats 
were cultured for 3 days and then transduced with 
lenti virus-based or murine ret ro virus-based vectors. 
The cells were stained with X-Gal or processed 
for immunofluorescence studies 3 days ate the 
transduction. Figure 2(a) shows extensive 0-Gal 
s taining of cardiac myocytes by lcnti\dros-mcdiated 
LacZ transduction. While cardiac myocytes were 
successfully transduced by the lenthrirus-based vec- 
tors, murine retrovirus- based vectors did not trans- 
duce the cardiac myocytes. The solitary /K3aJ 
positive cell in Figure 2(b) is morphologically iden- 
tified as a contaminating cardiac fibroblast On the 
other hand, both leuftvirns- and murine retrovirus- 
bascd vectors transduced cardiac fibroblasts [Figs 
2(c) and (d) respectively). Use of lentivirus-based 
vectors encoding GFP enabled us to assess trans- 
duction in bving cells without fixation. Figure 2(e) 
and 2(f) show light and fluorescence confocalmicro- 
scopy of such transduced cardiac myocytes. The 
CFP positive cells were beating cardiac myocytes. 
Finally. GFP positive cells clearly overlapped the 
Texas Red dyc-positivc myosm-cxpressing cells, in- 
dicating viral transduction of cardiac myocytes [Fig 
2(g) and (h)]. The tdafivs efficiencies of murine 
retrovirus- and lent? virus-based vectors on rep- 
licating cardiac fibroblasts and non-replicating car- 
dicac myocytes are compared in Figure 3 . In cardiac 
fibroblasts, both lentivirus- and murine retrovirus- 
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Table 2 Comparative dlitiettcy of lenUviru^ mid retro\lrus-mediat^ 0Oal trans- 
duction In L6 cells 
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Tiler < transduction unlls/m!) 



Days ate" Tcplaced to 
differeaUauoa medium 



Leniiviius 



Retrovirus 



0 
2 
4 
8 
12 



1.45(±l-i)xlO h 
[100) 

[5S.B±16.6] 
6.63 { ±0.9 J x 10' 

J45.7 ±6^1] 
5.96 1.8) x 10 s 

|41.1 ±12.4] 
5^5 (-1.7)^ 10 s 



8.95 (±1.5) x 10' 

[100] 
9.40 (±2.5) xlO 4 

[10.3 ±2.79] 
6.01 (±1.9)xl0 4 

{6.72 + 2.12] 
4^S(±2.■J)xl0 , 

|0,48±0.26| 
632 (;fc2.1)xl0 3 

[0.(17 ±0.02] 



Oidfe* were pluied ot low dendty imd rcpJnccd by QMKM ssnpphancnWd With 2% HS for 
Induction dtffcrcnthittrtn, OoHs were Transduced at indicated days oter replacing wtrti 
(BOctcntiatHin mccttam. liters were determined as described under Materials end Methods. 
Results arc also expressed relative to flier obtained ta day 0. Ihc value* arc means ±si*adart 
errors of three Independent CTyrrirtici itS. 



based rectors effectively transduced and yielded 
similar titers of (1.2 ±0.6) x 1CT TTJ/ml and 
(illO^JxlO* TU/ml respectively. In cardiac 
myocytes, however only lenttvirus-based vectors 
efficiently transduced with a liter of 
(6.3 ± 1.2) x 10 s TU/ml. furthermore, the GPP ex- 
pression by lentivtrus-based vectors persisted for at 
least 21 days with no apparent decrease (data not 
shown). The transduced cardiac myocytes showed 
no evidence of sigiiiiicant cytotoxicity by micro- 
scopic examination in line with previous reports 
(Naldini ct d., 1996ft, Kalri el <±, 199 7). In contrast, 
murine retrovirus-based vectors showed low trans- 
duction efficiency with titers reaching only 
(8.9 ±2.1 ) x 1U 2 TU/ml. These results demonstrate 
thai efficient long-term transduction of cardiac 
myocytes in vitro can be achieved by lentivirus- 
based, but not murine rero virus-based vectors. 



LflntivrrtJS-, but not murine i^rovinis-based vectors 
mediate high efficiency gene transfer into differentiated 
L6 rat skeletal rnyofibers 

Murine r^rrovinis-based vectors can efficiently 
transduce proliferating myoblasts but not dif- 
ferentiated myofibers. We tested the hypothesis that, 
unlike the retrovirus-based vectors, lenUvirus-based 
vectors would retain the ability to transduce skeletal 
awscle cells following differentiaiion either as low 
density myoblasts or as fused, multinucleated my- 
ofibers. 

To determine transduction titers of lentivirus- or 
murine rctrovirus-based vectors in L6 cells, the cells 
were plated at a Ion' density (1x10 s cells/6 cm 



dish) in DMEM supplemented with 10% PCS. The 
media w*s subsequently replaced by DMEM with 
2% HS for induction of differentiation CVafee, 1968). 
Viruses were transduced at 0. 2, 4. S or 12 days 
after switching to differentiation medium. The cells 
were stained *with X-Gal 3 days after the trans- 
duction. Table 2 shows the comparative efficiency 
oflentivirus- and murine rdj^vinis-mediatcd /J-GaJ 
gene transduction of the L6 cells. Results are also 
expressed as absolute Uters as well as relative to 
tilers obtained at day 0, When the cells were plated 
at a low density and switched to differentiation 
medium, they become elongated but not fused, and 
remained as distinctive individual cells even at 
day 12. Lentmrus-based vectors expressing 0-Gal 
maintained a relatively high transduction efficiency 
even at day 12 (36.2±117%). whereas the ef- 
ficiency of transduction by marine retrovirus 
counterparts fell to only 0.07 ±0.02%. 

We next compared the ability of lentivirus- and 
murine rerrovirus-based vectors to transduce dif- 
ferentiated L6 myofibers. L6 cells were grown in 
DMEM supplemented with 10% PCS until they 
reached confluence At this point, the medium was 
replaced with DMEM suppleraBnted with 2% HS for 
induction of diffircntiatkn. Viruses were trans- 
duced at 0, 2. 4, S or 12 days after switching to 
dilfcrentiation medium. The cells were stained with 
X-Gal 3 o^ys after transduction. As shown in Figure 
4, lentivirus-based vectors can also efficiently trans- 
duce not only myoblasts (i.e. day 0) but also well 
dillcrcntiatcd my ofrbers (ic day 12). However, mur- 
ine retrovirus-based vectors showed low trans- 
duction efficiency of myoblasts when exrathicncy 
even at day 0. Moreover, in differentiated myofibers* 
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murine ceirovirus-mediated /5-Gal gene trans- 
duction was not observed. The comparative 
efficiency of tenrJvirns- and murine retro virus-me- 
diated /?-Gal gene transduction for L6 cells is plotted 
in Figure 5. ^ 

Confluent L6 myoblasts transduced with len- 
tivims-based vectors encoding 0-£al produced 
188 ±2.3 /iU//ig protein at day 0 and maintained 
30^)% of this level (69 ±1 0.6 ;iU//tg protein) even 
when transduced at day 12. However* the ex- 
pression of 0-Gal Mowing transduction by murine 
rctrovirus-based vectors was only 37- 5 ± 5,1 /iU/^B 
protein at day 0 and fell to less than 1% 
(0.31 ± 0,67 ftWm protein) at day 12 after dif- 
ferentiation. These results indicate that lentivtrus- 
bascd vectors can efficiently transduce muscle cells 
at all stages of differentiation- 



Discussion 

We have developed an efficient system to enhance 
production of lentivkus-based vectors using sodium 
butyrate. Although much has been learned about 
the action of sodium butyrate upon cells, the mo- 
lecular mechanisms of these effects remain unclear. 
Sodium butyrate produces a wide variety of effects 
on cells including the inhibition of histone de- 
acctylase- Active transcription complexes or a modi- 
fied" chromatin structure, possibly via sodium 
butyratc-mcdiated acctylation of cellular histones 
has* been suggested (Roman* 1982). There is con- 
siderable evidence for the enrichment of acetyiated 
histones in transcriptionally active chromatin 
(WeisbroA 1982). Accumulation of highly acety- 
iated histones are required for efficient transcription 
(Grunstein. 1997). 

With respect to the effect of sodium butyrate on 
virus production, sodium butyrate treatment has 
been reported to stimulate human cytomegalovirus 
(CMV) gene expression and viral replication in 
human endothelial cells (Radsak ei oL 1989). This 
enhancing cflcct by sodium butyrate on virus rep-. 
licatJon is not specific for human C\fV. Similar 
results have been obtained using other human 
herpesviruses, Epstein-Barr virus (Sacmundosen et 
<d, t 1980) and herpes simplex virus (Ash, 1986). 
In addilioa sodium butyrate has been reported U> 
activate the Ions terminal repeat-directed ex- 
pression of HTV (Bohan et al. t 19871 Therefore, 
sodium butyrate appears to be associated with a 
general induction of viruses. Whether these effects 
operate through some host cellular factors more 
efficiently transcribed when histones are highly 



acetyiated or the acetylation of host transcription 
factors themselves remains unknown. 

Tn this study, we analysed the effect of sodium 
butyrate on production of lenuvirus-based vectors. 
Sodium butyrate" treatment at an optimal con- 
centration of 10 n»A for an optimal duration of 8 
hours increased titers by about 9-fold in 29 3T cells. 
11-fold in L6 cells and 25-fold in cardiac myocytes 
compared to those obtained without sodium bu- 
tyrate (Fig. 1 and Tuble 11. Thus, sodium butyrate 
clearly enhanced viral titers and increased the ef- 
btiency of transduction in aJJ cell types tested. 
In these experiments, we harvested viruses from 
conditioned medium 16 hours after sodium bu- 
tyrate withdrawal Though the haJUife of lentiviral 
particles under these conditions is only 4-6 hours, 
the effect of sodium butyrate on virus production 
was continued after its withdrawal* It has been 
reported thai sodium bntyrate-activated tran- 
scriptional state is continued after withdrawing 
sodium butyrate from the culture medium and can 
be imprinted in daughter cells for many generations 
(Tang and Taylor, 1992). Sodium butyrate in- 
duction of the Moloney murine, sarcoma virus en- 
hancer promoter-induced transcription was shown 
to be propagated from mother to daughter cells 
after withdrawal of sodium butyrate. 

The present study also demonstrates that len- 
ti virus-based vectors can efficiently transfer and 
express transgenes in beating cardiac myocytes and 
differentiated L6 myotibers. Skeletal muscle is an 
excellent target for somatic cell gene therapy- Tran- 
sgene expression in skeletal muscle can be easily 
accessed and its large mass of muscle allows re- 
peated administration of the recombinant vectors. 
Introduction of genetic material into muscle libers 
has become of great interest not only for its potential 
therapeutic values for genetic diseases of muscle 
such as Uuchenne muscular dystrophy or myotonic 
dystrophy, but also for the conversion of skeletal 
muscle to the production of systematically active 
gene products unrelated to muscle function (Ham- 
amori ei aL 1995). In vivo, skeletal muscle contains 
a mixture or myogenic cell types, including muscle 
stem cells (satellite cells), proliferative myoblasts 
and differentiated myotibers. whose relative num- 
bers vary depending on the state of muscle raaturiy 
or processes such as repair or regeneration after 
injury, Uherefbre, gene transfer into muscle ne- 
cessitates transduction at various stages of cell 
growth and differentiation with high efficiency and 
low tonicity. Cardiac myocytes on the other hand, 
are permanently withdrawn from the cell cycle 
soon after birth. Subsequently, myocardial growth 
is accomplished primarily by enlargement of 
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Figure 5 Cojnparative efliclmcy or leativirus- and taurine retnnirue-cn^ated /t-Cal jeoc transduction lu L6 cdls. 
Cells were, grown »u HKfEM supplemented with 10% PCS until they reached conltueney. at this point the medium was 
replaced bv DMKM supplemented with 2% HS for indue I ion ordiflerentiallOTi. Viruses were transduced at the Indicaled 
days after induction of differendaUon. As assessment of transduced cell counts was dlOiculc with fused myolibers, cell 
rysates were prepare* and 0-Gal activity assayed % days after transduction. The mains are expressed as /K~»ai activity. 
ui;//*g prolein- The values arc mcaos ± standam errors of three independent expexirnems. 



individual cardiac myocytes (ie. hypertrophy), not 
by hyperplasia. Loss or cell in the myocardium 
following injury such as ischemia or cardio- 
myopathy, is not compensated by cell proliferation* 
Subsequently loss of myocardial mass can be a 
major cause of heart failure. For these reasons 
for gene transfer to offer therapeutic potential to 
Improve and maintain cardiac function, it cannot be 
accompanied by additional toxicity for the residual 
viable muscle into the heart, which cannot be well 
tolerated but will rely on long-term expression with 
high efficiency, 

impressive gains have been made in delivery of 
genes to cardiac and skeletal myocytes using a 
variety of vectors. Although adenovicus-based vec- 
tors have been shown to be capable of traducing 
muscle cells in vitro and in nlw (Quantin et «1» 
1990). gene expression was transient In addition, 
standard El, E3-deleted adenovirus-based vectors 
may have some direct cytopathfc. effects and induce 
immunological responses to transduced cells, be- 
cause leaky expression of adenoviral genes can not 



he completely eliminated (Schulick ft iiL 1995). 
Retrovirus-based vectors derived from Mo-MuLV 
are the most commonly used vectors in current 
clinical human gene therapy trials (Mulligan. 
1993). Retroviruses integrate into chromosomal 
UNA thus providing potential for long-term ex- 
pression of the transduced gene. However, it has 
been demonstrated that passage of target cells 
through mitosis is required lor efficient transdiiction 
(Lewis and ^prmari, 19941- This requirement for 
cell division greatly limits the use of murine re- 
trovirus-based vectors for therapeutic gene transfer, 
especialy in non-r^licaririg, differentiated cardiac 
and skeletal muscle myocytes. As an attractive 
alternative. lenUvirus-based vectors pscudotyped 
with the VSV envelope have recently been reported 
10 transduce a variety ol ceu types and this vector 
system also can transduce both dividing and non~ 
dividing cells (N'aldinl ft aL 1996a.li). Furthermore, 
cytopathic or immunogenic effects of lentivirus- 
based vector itself have not been reported. In this 
study, we examined the transduction efficiency of 
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lentMrus-based vectors dhadina and n on-dividing 
ceils and compared with murine retro virus-based 
vectors. Oor results show that unlike retrovirus- 
based vectors, lenirrirus-besed vectors can trans- 
duce genes efficiently into non-dividing cardiac 
myocytes and U> myotibcrs at various stages o£ 
differentiation. As lentlvirus-based vectors also In- 
tegrate in tine genome of the target cells (Natdini et 
all 1996a,/?; Miyake et 1998). repeated trans- 
duction is anrjecessary. In consequence, humoral 
responses to repeat injections of viral antigens can 
be avoided (Knowles et aL, 1995), in contrast to 
adenovirus-based vectors. Moreover, the lentivirus- 
based vectors studied in this paper are completely 
replication-defective (Naldin] fit aU 1996n). con- 
sequently, the transduced cells will not express 
viral proteins thai might trigger cellular immune 
responses. The hi vitro results from the present 
study provide important information for m tfivo 
application of lenrmrus-nased vectors to cardiac 
and skeletal muscle. The availability or rategraring 
vectors that can deliver genes to heart and muscle 
without evoking immune responses sets the stage 
for further studies of cardiovascular and neuro- 
muscular gene therapy. 
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